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Abstract Optimization theory in combination with can-
opy modeling is potentially a powerful tool for evaluating
the adaptive signiﬁcance of photosynthesis-related plant
traits. Yet its successful application has been hampered by
a lack of agreement on the appropriate optimization crite-
rion. Here we review how models based on different types
of optimization criteria have been used to analyze traits—
particularly N reallocation and leaf area indices—that
determine photosynthetic nitrogen-use efﬁciency at the
canopy level. By far the most commonly used approach is
static-plant simple optimization (SSO). Static-plant simple
optimization makes two assumptions: (1) plant traits are
considered to be optimal when they maximize whole-stand
daily photosynthesis, ignoring competitive interactions
between individuals; (2) it assumes static plants, ignoring
canopy dynamics (production and loss of leaves, and the
reallocation and uptake of nitrogen) and the respiration of
nonphotosynthetic tissue. Recent studies have addressed
either the former problem through the application of evo-
lutionary game theory (EGT) or the latter by applying
dynamic-plant simple optimization (DSO), and have made
considerable progress in our understanding of plant pho-
tosynthetic traits. However, we argue that future model
studies should focus on combining these two approaches.
We also point out that ﬁeld observations can ﬁt predictions
from two models based on very different optimization
criteria. In order to enhance our understanding of the
adaptive signiﬁcance of photosynthesis-related plant traits,
there is thus an urgent need for experiments that test
underlying optimization criteria and competing hypotheses
about underlying mechanisms of optimization.
Keywords Canopy photosynthesis   Evolutionarily stable
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Introduction
A long-standing challenge in ecological research is the
development of a theoretical framework that explains how
emerging properties at the level of plant communities or
ecosystems (i.e., vegetation structure, productivity and
other ecosystem functions) arise from basic physiological
processes and plant functional traits. Physiological and
structural traits generally deﬁne the functioning of plant
parts (e.g., leaves, stems, roots, etc.), but their ﬁtness
consequences are expressed at the individual and popula-
tion level. Similarly, direct effects of climate change are
mediated through physiological responses, but the interest
of the global change community is in processes acting at
the ecosystem level, such as carbon uptake or transpiration
of vegetation stands (e.g., Sellers et al. 1992). The scaling
from leaf to canopy is of special interest in this respect,
because photosynthesis provides the structural substrates
for growth and reproduction and because it is a primary
element of the global carbon cycle (Mooney and Gulmon
1979; Sellers et al. 1992).
Based on our current physiological and biophysical
knowledge of leaf photosynthesis and plant structure,
complicated models are available that can simulate canopy
photosynthesis if the leaf properties of all plants in the
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successful in agronomy as components of models that
predict crop yields (see van Ittersum et al. 2003), but they
are less effective in natural vegetation where such data are
hard to obtain. Optimality theory provides a simple but
potentially more powerful alternative (Dewar et al. 2009).
Optimality theory is based on the concept that some per-
formance measure is maximized with respect to one or
more plant traits and considering one or more limiting
factors. Optimal values of traits such as leaf N content, LAI
(leaf area index, the amount of leaf area per unit soil area),
stomatal conductance or leaf photosynthetic capacity are
emergent outcomes rather than input parameters or sub-
routines (McMurtrie et al. 2008).
Optimization models are increasingly being used to assess
theadaptivesigniﬁcanceofcanopytraitssuchasleafnitrogen
distribution, leaf angles, stomatal conductance and leaf area
indices. Yet their ability to accurately predict vegetation
structureandfunctioningisstillopentodebate.Thisislargely
due to the fact that the optimization criterion that should be
usedisunclear;inotherwords,whatdomodelsassumeplants
tomaximize,andoverwhattimespan?Moststudiesthatapply
optimizationtheorytoanalyzeplantcanopies(seereviewsby
Kull 2002;H i r o s e2005) make two assumption. First, plant
traits are considered to be optimal when they maximize
whole-stand daily photosynthesis. This assumes that maxi-
mized individual ﬁtness manifests itself as optimal charac-
teristics at the stand level (Hikosaka and Hirose 1997;A n t e n
2005). Second, plant canopies are treated as being static; the
dynamics of growth and associated changes in canopy struc-
ture and position that plants occupy in vegetation stands are
not quantitatively considered (Franklin and A ˚gren 2002;
Hikosaka 2003).
This review deals with the abovementioned debate about
optimization criteria. First, it discusses static-plant simple
optimization models that assume trait values to be optimal
when whole-canopy daily carbon gain is maximized. Sec-
ond, it deals with evolutionary game theoretical models,
which consider that trait optimization of a given individual
plant depends on the traits and density of its neighbors
(Parker and Maynard-Smith 1990). We then discuss
dynamic-plant simple optimization models that consider
long-term photosynthesis, net primary production (NPP) or
net biomass increment. As an example, we will focus on
studies that consider the optimization of nitrogen use at the
canopy level. Nitrogen is a primary part of the photosyn-
thetic system, with photosynthetic rates generally being
strongly positively correlated with leaf N contents (Evans
1989). It is also the primary growth limiting factor in many
habitats (see Kull 2002). We will argue that the maximi-
zation of daily canopy photosynthesis, though widely used,
is an inadequate optimization criterion to analyze the
adaptive signiﬁcance of traits associated with nitrogen use
in plant canopies, and that a combination of evolutionary
game theory and dynamic modeling should be used for this
purpose.
Static-plant simple optimization models
As mentioned above, we denote models that consider plant
trait values to be optimal when they result in maximum
daily net canopy photosynthesis and that consider plant
canopies to be static as ‘‘static-plant simple optimization
models’’ (‘‘SSO models’’ hereafter). Canopy photosynthe-
sis of a vegetation stand is determined by the photosyn-
thetic properties of different layers and by the size of the
canopy (often denoted ‘‘LAI,’’ Saeki 1960). The former in
turn is determined by the distribution of light and by the
total amount and vertical distribution of nitrogen, a key
component of the photosynthetic system, in the canopy.
Thus, considerations concerning the optimal use of nitro-
gen for maximizing canopy photosynthesis typically
address two characteristics: the optimal nitrogen distribu-
tion and the optimal LAI (Field 1983; Sands 1995).
Optimization of nitrogen distribution in the canopy
A large number of studies (e.g., Field 1983; Hirose and
Werger 1987; Anten et al. 1995a; Posada et al. 2009) have
analyzed distribution patterns of leaf nitrogen content per
unit area (Narea) in the canopy (see Kull 2002; Niinemets
2007). It was theoretically derived that if Amax is linearly
related to Narea, and if other characteristics of the light
response of leaf photosynthesis do not differ between
leaves, canopy photosynthesis is maximized if plants
allocate more nitrogen to higher, more illuminated leaves
and less to lower, more shaded ones in such a way that the
Narea distribution parallels the light distribution in the
canopy (Farquhar 1989; Anten et al. 1995a). This can be
described mathematically as
Narea f ðÞ ¼ NoIf ðÞ =Io; ð1aÞ
so that
Amax f ðÞ ¼ AoIf ðÞ =Io; ð1bÞ
where No and Ao are the Narea and Amax of an unshaded leaf
at the top of the canopy, Io and I(f) are the light intensities
incident on leaves at the top or at a depth f (measured in
LAI units) in the canopy, respectively. In accordance with
this prediction, nonuniform patterns of Narea distribution
have been found in canopies of a wide variety of plants (see
review by Hirose 2005). In all cases, canopy photosyn-
thesis for the actual distribution was estimated to be 6–30%
higher than the canopy photosynthesis of a stand with the
same amount of nitrogen but with the nitrogen uniformly
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123distributed among all leaves (see Hirose 2005; Niinemets
2007). However, actual Narea distributions were also con-
sistently more uniform than the predicted optimal distri-
bution, with actual rates of canopy photosynthesis being
4–15% lower than the maximum values predicted in these
canopies (Kull 2002, but see Koyama and Kikuzawa 2010).
Optimal leaf area indices
Assuming that only light limits canopy photosynthesis, it
was derived that the LAI of a vegetation stand is optimal if
the lowest leaves receive an amount of light that is equal to
their compensation point, since any additional leaf would
respire more than it photosynthesizes (Saeki 1960). This
model was later expanded to include not only leaf respi-
ration but also the additional costs associated with pro-
ducing and maintaining structures that support a leaf
(Givnish 1988; Reich et al. 2009). For a set of shrub spe-
cies, Reich et al. (2009) estimated that these plants did
indeed drop their leaves when the net carbon balance of
these leaves (including support costs) was zero. Other
studies (Oikawa et al. 2005, 2006), however, documented
that leaves are often dropped well before their carbon
balance reaches zero, especially at low nitrogen availability
from the soil.
As noted in the ‘‘Introduction,’’ leaf area growth is often
strongly limited by the availability of nutrients, especially
nitrogen (Albaugh et al. 1998). An increase in the LAI
indicates that more light is being intercepted, albeit with
decreasing marginal returns as a result of self-shading.
However, for a ﬁxed total amount of canopy nitrogen (Nt
per m
2 ground surface), it also implies that leaves will have
lower Narea (i.e., average Narea in the canopy equals Nt/LAI)
and thus also a lower photosynthetic capacity (Amax).
Considering this, it was shown that there is an optimal LAI
and thus an optimal mean Narea at which canopy photo-
synthesis is maximized (Anten et al. 1995b). This model
was tested for stands of a variety of herbaceous species
varying widely in leaf photosynthetic and structural traits.
A strong positive correlation was found between predicted
and actual LAIs, with more than 70% of the variation in
LAI between these stands being explained by the model
(Fig. 1).
An important application of SSO models for LAI has
been to predict the effects of elevated CO2 on canopy
development and photosynthesis (Hirose et al. 1997; Anten
et al. 2004; Hikosaka et al. 2005; McMurtrie et al. 2008).
The LAI of a vegetation stand is an important component
of CO2 sink capacity, and there has thus been a debate on
whether elevated CO2 will lead to increases in LAI (De-
Lucia et al. 2002). SSO models were able to accurately
predict the relative effects of CO2 elevation on LAIs and
leaf N contents obtained in ﬁeld-applied elevated-CO2
experiments (FACE) with rice (Anten et al. 2004) and with
a number of tree species (McMurtrie et al. 2008).
However, while the qualitative predictions from SSO
LAI models were consistent with real observations, mea-
sured LAIs were consistently larger and Narea consistently
lower than predicted optimal values. As a result, canopy
photosynthesis has been calculated to be 2–20% lower than
the values at optimal LAIs derived from SSO models
(Anten et al. 1998; Hirose et al. 1997).
Limitations associated with SSO models
Evidently, while SSO models provide good qualitative
predictions, there are consistent deviations between pre-
dicted and actual trait values. Several explanations have
been forwarded to explain this supposed ‘‘nonoptimality’’
of plant canopies, most of which deal with simplifying
assumptions in the models regarding the structure, envi-
ronment or physiology of plants. For example, models for
optimal N allocation ignore energetic costs associated with
the reallocation process (Field 1983). There are also
questions as to whether the relatively high Narea values and
associated photosynthetic capacities predicted for leaves at
the top of the canopy are biologically possible (Pons et al.
1989). Very high Narea values may also make leaves more
prone to herbivory (Stockhoff 1994).
The SSO models discussed above consider the maxi-
mization of canopy photosynthesis relative to the amount
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Fig. 1 Predicted and measured LAI values for 12 herbaceous plant
stands. Predictions were made using either SSO models (closed
symbols) or EGT models (open symbols). Thick solid line is the one-
to-one correspondence, the thin solid and dashed lines are the
predicted and the measured regression lines for the SSO and EGT
models, respectively. The following stands were studied: Sorghum
bicolor, Oryza sativa, Amaranthus cruentus (all three at high and low
N availability) and Glycine max (raw data from Anten et al. 1995b),
Leersia hexandra, Hymenachne amplexicaulis, Paspalum fascicula-
tum and Hyparrhenia rufa (raw data taken from Anten et al. 1998).
Figure redrawn from Anten (2002)
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123of N in the canopy (i.e., maximizing canopy-level PNUE),
which assumes that photosynthesis is primarily limited by
N. This assumption may not always hold true. For example,
in most wet tropical rain forests, plant growth is probably
limited by either light (Nemani et al. 2003) or phosphorus
(Lambers et al. 1998). Posada et al. (2009) analyzed the N
distributions in canopies of rain forest trees and argued that
the distribution patterns that they found were similar to
those that would maximize photosynthesis per unit cap-
tured light and not per unit N. Optimization of LAI can also
be deﬁned relative to water availability. Considering a
ﬁxed amount of water that is taken up from the soil,
increased leaf area production and associated light capture
will entail a lower mean stomatal conductance and thus a
lower leaf-level photosynthesis. Similar to the case of N
limitation, an optimal LAI can be deﬁned at which the
beneﬁts of increased light capture no longer compensate
for the negative effect of a lower stomatal conductance
(McMurtrie et al. 2008). McMurtrie et al. (2008) developed
an SSO model that determines the optimal LAI relative to
both water and N availability, and obtained a reasonably
accurate prediction of Narea values in Liquidambar sty-
raciﬂua grown at different CO2 levels.
All of these arguments are probably important and
should be considered in future modeling. However, we will
argue in the sections ‘‘Evolutionary game theoretical
models’’ and ‘‘Dynamic-plant simple optimization models’’
that the principal problem with SSO models lies with the
optimization criterion chosen, and the assumption of a
static canopy.
Evolutionary game theoretical models
Simple optimization, with trait values being optimal if they
result in maximum whole-canopy carbon gain, implicitly
makes the assumption that characteristics maximizing indi-
vidual ﬁtness manifest themselves as optimal trait values at
the canopy level. This either assumes some occurrence of
group or kin selection, or it means that the performance of a
plant is independent of the characteristics of its neighbors
(Parker and Maynard-Smith 1990). The latter obviously does
not hold true in most vegetation stands where plants compete
both for light and soil resources. In such cases, evolutionary
game theory (EGT), in which individual plant-based opti-
mization is considered relative to the characteristics of
neighbors (Riechert and Hammerstein 1983), might be a
more appropriate approach.
Schieving and Poorter (1999) were the ﬁrst to use EGT
to analyze the distribution of Narea, leaf area to mass ratios
[speciﬁc leaf area (SLA)], and the resultant LAI values of
vegetation stands. If one assumes that not only the total
canopy nitrogen but also total leaf mass are ﬁxed, changes
in Narea can only arise through changes in SLA. Schieving
and Poorter (1999) showed that stands with an optimal
Narea and SLA distribution, and concomitant optimal LAI
(all based on SSO models), can be invaded by mutant
individuals that are the same as the resident population in
all respects except that they produce leaves with a larger
SLA and thus have lower Narea values, a more uniform
Narea distribution (Fig. 2a), and a larger LAI (Fig. 2b).
Because plants interact and thus compete for light, an
increase in the leaf area of one individual entails that this
plant captures a greater fraction of the available light, and
its direct neighbors therefore capture less. Thus, even
though whole-canopy photosynthesis is reduced, the
mutant plant can increase its individual photosynthesis at
the expense of its neighbors.
Schieving and Poorter (1999) also showed theoretically
that an evolutionarily stable (ES) vegetation stand (i.e., one
that can not be invaded by a mutant with a different SLA
distribution and leaf area) has a larger LAI and lower
canopy photosynthesis than an optimal stand. Similar
model results were obtained in several other studies (Anten
and Hirose 2001; Anten 2002). Anten (2002) calculated the
ES-LAI values for herbaceous vegetation stands of a
variety of herbaceous species, and in all cases there
appeared to be a very close correspondence between the
predicted and observed LAIs (Fig. 1). Lloyd et al. (2010)
also found for tropical rain forest stands that ES-LAIs were
closer to measured values than the simple optimal LAIs.
Evolutionary game theory has been applied to canopy
characteristics other than the N distribution and LAI. It has
been shown that ES vegetation stands are taller (Givnish
1982; Falster and Westoby 2003; Pronk et al. 2007), have
more horizontally projected leaves (Hikosaka and Hirose
1997), are less well defended (Broom et al. 2005), and
produce more roots (Gersani et al. 2001) than optimal
stands. As a result, plants in vegetation stands are believed
to have a lower than maximum performance in terms of
growth, seed production and defense. This clearly suggests
that plant canopy traits can be subject to a so-called tragedy
of the commons, sensu Hardin (1968); allocation to
increase resource acquisition beneﬁt the individual that
employs this strategy, but the costs of this (e.g., increased
shading in the canopy) are shared by the whole population.
Potential application of evolutionary game theory
(EGT) as a scaling principle
EGT models appear to give better predictions of the
structure, physiological characteristics and productivity of
vegetation than static-plant simple optimization models.
EGT thus provides a sophisticated yet simple theoretical
framework to scale from leaf to canopy, and thus has the
potential to be a useful predictive tool to help understand
296 Oecologia (2011) 167:293–303
123canopy responses to a globally changing environment. Yet,
in contrast to simple optimization (see Dewar et al. 2009),
EGT has rarely been used in global change research. This
is probably partly due to the fact that EGT models come
with their own set of problems.
First, model outcomes are very sensitive to the assumed
degree of interaction between plants. For example, the
payoff of increasing leaf area increases strongly with the
degree to which the light gradient that a plant experiences
is determined by the leaves of its neighbors. Anten (2002),
for example, showed that the predicted ES-LAI decreases
strongly with the assumed degree of self- versus non-self-
shading (b), while predicted canopy photosynthesis showed
the opposite trend (note that b = 1 gives the same solution
as SSO models, Fig. 3). The value of b is hard to determine
and may differ between plant types. For example, trees
have relatively wide canopies and may experience rela-
tively strong self-shading. Herbaceous plants typically
have narrower canopies and thus interact more strongly
with their neighbors. Finally, climbers may experience
only minimal self-shading, with their climate being almost
entirely created by leaves of neighbor plants (Takenaka
1994; Hikosaka et al. 2001). Very few studies have esti-
mated b values in plant canopies (Hikosaka et al. 2001), or
addressed the question of whether plants with different
growth forms and associated degrees of neighbor interac-
tion also exhibit different patterns of nitrogen allocation
and leaf area growth (but see Schmid and Bazzaz 1994,
discussed below).
Second, while EGT models correctly assume that
genotypic changes occur as a result of natural selection,
repeated mutations and invasions, they do not usually
consider the potential time lag involved. Usually genotypic
changes take place over several generations, which—
depending on the life cycle of the plants—may take
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Fig. 2 a Simulated distribution of leaf nitrogen content per unit leaf
area (Narea) as a function of the relative height in the canopy, b the
leaf area index, and c the associated canopy photosynthesis as
functions of the total amount of nitrogen in the canopy. Simulations
were conducted using either a simple static optimization model
(closed symbols ‘‘SSO model’’) or a evolutionary game theoretical
model (open symbols ‘‘EGT model’’). Modiﬁed from Schieving and
Poorter (1999)
0
1
2
3
4
5
0.2 0.4 0.6 0.8 1
Relative contribution of a plant
to the total LAI (β)
E
S
-
L
A
I
 
(
m
2
 
m
-
2
)
0.5
0.6
0.7
0.8
C
a
n
o
p
y
 
p
h
o
t
o
s
y
n
t
h
e
s
i
s
 
(
m
o
l
 
m
-
2
 
d
-
1
)
LAI
Pc
Fig. 3 The dependence of the evolutionarily stable (ES) leaf area
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predicted by SSO models. The degree of non-self-interaction
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123considerable time. This raises the question of the extent to
which plants are able to adapt to fast and directional
changes in the environment, such as the current rise in
atmospheric CO2 and associated climate change.
Finally, by implicitly assuming that changes in trait
values occur only through mutations, EGT models do not
usually consider phenotypic plasticity. This evidently
contradicts with the strong degree of phenotypic plasticity
exhibited by plants (Schmitt et al. 1999), and an important
challenge is to implement plasticity into EGT models such
that they can predict plant responses to rapid environmental
changes.
Dynamic-plant simple optimization models
The models discussed so far are ‘‘static’’ in the sense that
they treat the N distribution in the canopy and the leaf area
index as static characteristics. Yet, leaf canopies are
dynamic: new leaves are produced, resources including
nitrogen are allocated from older to newer leaves to partly
sustain this production, and old leaves are dropped from the
plants. Changes in the amount of N in the canopy thus
depend on the rate of N uptake from the soil, leaf longevity,
and the fraction of N that is resorbed from senescing
leaves. This entails that these traits, together with the
abovementioned leaf photosynthetic traits, leaf geometry
and SLA determine whole-plant photosynthetic nitrogen-
use efﬁciency.
Franklin and A ˚gren (2002) developed a dynamic-plant
simple optimization (DSO) model to analyze photosyn-
thetic nitrogen-use efﬁciency in plant canopies, including
leaf turnover and nitrogen resorption. This model was
simple in the sense that it did not consider neighbor
interactions. Franklin and A ˚gren (2002) proposed that it is
beneﬁcial for a plant to drop a leaf if the increase in plant
photosynthesis that can be achieved elsewhere in the plant
with the nitrogen that is resorbed from that leaf exceeds its
own photosynthesis. The model predicted that the optimal
LAI decreases with increasing resorption efﬁciency reff (the
fraction of N that plants resorb from senescing leaves).
However, for any reff\1, the model predicted larger
optimal LAI values than the static-plant optimization
(SSO) model of Anten et al. (1995b), and these values were
reasonably close to the measured values (Fig. 4). Hikosaka
(2003, 2005) developed a more elaborate DSO model that
explicitly considered N uptake by plants and obtained
qualitatively similar results; i.e., their optimal LAI was
larger than the SSO-based one. However, he also showed
that predicted LAI values are highly sensitive to changes in
the values of N uptake rates and N contents of dead leaves.
Why do DSO models predict larger LAIs than SSO
models? Say the LAI of a vegetation stand exceeds the
optimal as deﬁned by SSO (Anten et al. 1995b). To reduce
LAI, some leaves need to be dropped, but in doing so the
plant also loses some nitrogen and thus indirectly part of its
photosynthetic capacity. As shown by Hikosaka (2003), the
negative effect of this loss on carbon gain depends on the
rate of N uptake and thus implicitly on N availability from
the soil.
Franklin (2007) scaled his canopy photosynthesis model
(Franklin and A ˚gren 2002) up to simulate the dynamics of
tree growth in forests, including respiration and turnover of
nonphotosynthetic tissue. He considered maximization of
net mass increment—the difference between photosyn-
thetic carbon gain and carbon losses through respiration
and turnover—as an optimization criterion, rather than
maximization of net canopy photosynthesis. The rationale
behind this was that plant size, which is the accumulation
of net mass increment, is closely related to reproductive
success. Unlike previous models that considered N costs
only in terms of leaf maintenance respiration, he also
considered costs associated with the production and
maintenance of roots (Franklin et al. 2009). The model
gave reasonably good predictions for biomass increment,
as well as the relative effects of CO2 elevation on LAI,
canopy photosynthesis and NPP (photosynthesis—whole-
plant respiration), as obtained from elevated CO2 (FACE)
experiments conducted for several tree species in the ﬁeld
(Fig. 5).
Ma ¨kela ¨ et al. (2008) considered the optimization of
three traits: canopy-average leaf N content per unit mass,
canopy leaf mass, and the amount of ﬁne-root biomass at
which NPP was maximized. They further assumed steady-
state conditions with respect to both C (growth equals litter
production) and N (N uptake equals N loss). This model
provided reasonable predictions of both leaf and ﬁne root
biomass in stands of Pinus silvestris and Picea abies.
Dynamic-plant simple optimization models have thus
taken an important step by scaling up from static analyses
of canopy photosynthesis to the dynamics of plant growth.
In so doing, they have introduced leaf turnover and N
resorption rates and N uptake from the soil to optimality
models, and have expanded the performance measure from
photosynthesis to growth. However, current DSO models
for optimal nitrogen use in canopies are still based on
simple optimization, and ignore neighbor interactions as in
game theoretical models; a combination of the two
approaches is still lacking.
Validation of optimization criteria
The method most commonly used to validate optimization
models has been to compare their predicted trait values to
observed ones. Most authors consider a good quantitative
298 Oecologia (2011) 167:293–303
123agreement between the two as support for the assumptions
underlying their model. In this context, it is somewhat
disconcerting to note that ﬁeld observations of key canopy
traits can ﬁt predictions of different models that are based
on different assumptions. For example, observed patterns
of N distribution in vegetation stands ﬁt predictions from
some SSO models (e.g., Pons et al. 1989; Posada et al.
2009) as well as predictions from game theoretical
(EGT) models (Schieving and Poorter 1999). Similarly, as
discussed above, both static EGT models (Anten 2002) and
different DSO models (Franklin and A ˚gren 2002; Franklin
2007;M a ¨kela ¨ et al. 2008) predict values for LAI and other
vegetation properties that correspond closely to actual ﬁeld
measurements. In fact, the models of Anten (2002) and
Franklin and A ˚gren (2002) give accurate predictions of the
LAIs of the same vegetation stands (compare results for
Amaranthus, Glycine, Oryza and Sorghum in Figs. 1 and
4). Evidently, one set of observations cannot be considered
to support two clearly different assumptions regarding the
adaptive signiﬁcance of canopy traits, and experiments
testing the response of these traits to changes in environ-
mental conditions will be required to determine which
model is correct.
What is lacking from the studies mentioned above is
experimental evidence for the ﬁtness beneﬁt implicitly
associated with an optimization criterion. In what way do
differences in leaf turnover, N distribution, SLA and leaf
area inﬂuence plant performance, and is this effect den-
sity dependent? Conducting such tests ideally entails
comparing plants that are the same in all respects except
the trait that is being optimized in the model. This can be
achieved through either phenotypic manipulation or
genetic transformation. An example is provided by stud-
ies that used these techniques to successfully test the
supposed density dependence of ﬁtness consequences of
stem elongation (see Schmitt et al. 1999; Vermeulen et al.
2008).
Similar tests of the adaptive signiﬁcance of different
patterns of canopy N use have long been impossible, as
suitable plant material was unavailable. However, so-called
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resorption fraction of 1
(complete resorption) is
equivalent to the optimal LAI,
sensu Anten et al. (1995b).
Large symbols indicate
measured LAI values. Figure
redrawn from Franklin and
A ˚gren (2002)
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123‘‘stay-green’’ varieties recently developed for several crops
(e.g., sorghum, maize and tobacco) may provide a solution,
as these genotypes exhibit delayed senescence, and thus
slower leaf turnover and potentially a more uniform N
distribution in the canopy (Subedi and Ma 2005). For
example, genetically modiﬁed PSAG12-IPT (SAG) tobacco
plants have a pronounced delay in leaf senescence caused
by increased cytokinin production at the onset of senes-
cence (Gan and Amasino 1995).
Boonman et al. (2006) conducted a competition exper-
iment in which wild-type (WT) and SAG tobacco were
grown in mono (WT or SAG) and mixed (WT and SAG)
stands. The SAG did indeed maintain more leaves at the
bottom of the canopy, and it had higher leaf N contents
(Narea) in the lower canopy layers (Fig. 6). Interestingly,
WT used the additional N reallocated from lower (se-
nescing) leaves to produce more leaf area at the top of the
canopy than did the SAG plants, rather than producing
leaves with a higher Narea (Fig. 6). If N reallocation serves
simply to maximize daily net photosynthesis, as predicted
by SSO models, a higher Narea would have been expected
(Hirose and Werger 1987; Sands 1995).
In a second experiment, Boonman et al. (2006) grew
SAG and WT target plants surrounded by WT plants in two
densities and measured their lifetime performance in terms
of growth and reproduction. Increased density tended to
negatively affect the performances of both genotypes, but
signiﬁcantly more so in the SAG than in WT plants, though
the results were not very clear, possibly due to the rela-
tively small difference in plant density between the two
density treatments (6.3 and 9.5 plants m
-2).
Together these results suggest that the ﬁtness conse-
quences of variation in N reallocation and associated leaf
turnover are density dependent, and should thus be ana-
lyzed in a game theoretical context. One could hypothesize
that a relatively slow leaf turn over is probably the optimal
strategy for maximizing whole-stand photosynthetic NUE,
as it entails small losses in terms of mass and nitrogen
(Aerts and Chapin 2000). However, such a stand could
potentially be invaded by mutants that have faster leaf
senescence, because in doing so they have more nitrogen
available to produce leaves at the top of the canopy, giving
rise to a tragedy of the commons. The eventual effective-
ness of this strategy for plant performance might be
restricted by the payback time of a leaf (the amount of time
needed for leaf to assimilate the amount of energy used in
its construction), and the turnover rate may be lower in
harsh environments where photosynthetic rates are limited
(Aerts and Chapin 2000). Unfortunately, this hypothesis—
that selection for fast N reallocation and leaf turnover in
dense vegetation leads to a tragedy of the commons—has
not yet been tested adequately.
The results discussed above clearly indicate the need for
models that combine evolutionary game theory with the
modelingofcanopydynamics. As notedbyHikosaka(2005),
‘‘no one has analyzed the evolutionarily stable leaf turnover
rate.’’ResearchontheadaptivesigniﬁcanceofNdynamicsin
plant canopies urgently needs such types of models (Fig. 7).
Choice of optimization criterion: the case of clonal
plants
Clonal plants (plants that can reproduce through the pro-
duction of vegetative offspring) are an especially interest-
ing group of plants when considering group versus
individual level optimization. Growth forms of clonal
plants can be roughly divided into either phalanx or gue-
rilla. In the former case, plants produce short runners
(stolons or rhizomes) and dense patches of ramets all
belonging to the same clone. The latter is characterized by
the formation of long runners whereby ramets are placed
further apart, resulting in greater interclonal mixing (Lov-
ett-Doust 1981). Due to this variation in self-/non-self-
interactions between these growth forms, one might predict
that plants with the phalanx growth form have evolved
traits that conform more with the predictions of simple
optimization models (maximization of stand-level perfor-
mance), whereas traits of plants with the guerilla growth
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123form would tend to lead to a tragedy of the commons. Yet
very few studies that we know of have tested this
prediction.
Schmid and Bazzaz (1994) compared leaf traits and
canopy dynamics in stands of two species: Solidago
canadense with a typical phalanx growth form and Aster
lanceolata with a guerilla growth form. Both species occur
in the same habitat. The results supported the above con-
tention. A. lanceolata exhibited an exponential increase in
leaf production during the season, a fast leaf turnover, short
leaf longevity, a shallow canopy and a relatively steep N
distribution, indicating that enhanced N reallocation in
dense stands is indeed important for competition in this
species. S. canadense exhibited the opposite characteris-
tics: slow leaf turnover, longer leaf longevity, a more
uniform N distribution and a deeper canopy. These traits
may be more in line with predictions derived from DSO
models (Franklin and A ˚gren 2002; Hikosaka 2003, 2005).
A. lanceolata also had more horizontal leaves than S.
canadense, which again conﬁrms that the former species
exhibited more competitive traits at the expense of whole-
stand productivity (Hikosaka and Hirose 1997).
This idea that the degree to which plants exhibit traits
leading to a tragedy of the commons depends on the pattern
of ramet placement and associated intergenotypical inter-
action seems to be conﬁrmed by other studies. Semchenko
et al. (2007) found that shoots of Glechoma hederacea—a
species which they considered to have a phalanx growth
form—tended to allocate roots away from each other, thus
avoiding competition, and that they did this irrespective of
the genetic identity of neighboring shoots. Conversely,
shoots of Fragaria vesca, with a more guerilla-type growth
form, tended to allocate roots equally away and towards
each other, and allocation towards neighbors was greater
when they interacted with shoots of another species. Pha-
lanx species also tend to keep a tighter control on shoot
production than guerilla species, and are thus better able to
regulate shoot density (De Kroon and Kalliola 1995). This
could potentially be interpreted in a game theoretical
context, with phalanx but not guerilla species possibly
optimizing shoot production to maximize resource acqui-
sition at the stand level. Yet, in spite of these promising
results, no study that we know of has formally applied
optimization theory to analyze the differences in
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Fig. 7 Flow diagram showing the different optimization criteria that
have been used to analyze the adaptive signiﬁcance of N utilization in
plant canopies. Solid arrows indicate advances in the past, while
dotted arrows with question marks indicate potential future steps.
Plants with gray leaves are neighbor plants that are explicitly
considered in the case of EGT models
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123photosynthetic traits between species with the phalanx and
guerilla growth forms.
Conclusion
Static-plant simple optimization—plants exhibiting traits
that maximize the daily carbon gain of a vegetation
stand—has long been the default optimization criterion
used in canopy modeling, but it ignores competitive
interactions between plants as well as the growth dynamics
of plant canopies. Recently, these aspects have been sep-
arately introduced into game theoretical and dynamic
models, but they have not yet been applied in combination
(see Fig. 7). Such a combined approach is necessary. We
also stress the need for more experiments with which
optimization criteria can be tested, and note that both
genetically modiﬁed plants and the phalanx versus guerilla
dichotomy among clonal plants are interesting study sub-
jects in this respect.
Acknowledgments We thank Kouki Hikosaka and Feike Schieving
for fruitful discussions on previous versions of the manuscript.
Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
References
Aerts R, Chapin FS III (2000) The mineral nutrition of wild plants
revisited: a re-evaluation of processes and patterns. Adv Ecol
Res 30:1–67
Albaugh T, Allen H, Dougherty P, Kress L, King J (1998) Leaf area
and above and belowground growth responses of loblolly pine to
nutrient and water additions. For Sci 44:317–328
Anten NPR (2002) Evolutionarily stable leaf area production in plant
populations. J Theor Biol 217:15–32
Anten NPR (2005) Optimal photosynthetic characteristics of individ-
ual plants in vegetation stands and implications for species
coexistence. Ann Bot 95:495–506
Anten NPR, Hirose T (2001) Limitations on photosynthesis of
competing individuals in stands and the consequences for canopy
structure. Oecologia 129:186–196
Anten NPR, Schieving F, Werger MJA (1995a) Patterns of light and
nitrogen distribution in relation to whole canopy carbon gain
in C3 and C4 mono- and dicotyledonous species. Oecologia
101:504–513
Anten NPR, Schieving F, Medina E, Werger MJA, Schuffelen P
(1995b) Optimal leaf area indices in C3 and C4 mono- and
dicotyledonous species at low and high nitrogen availability.
Physiol Plantarum 95:541–550
Anten NPR, Werger MJA, Medina E (1998) Nitrogen distribution and
leaf area indices in relation to photosynthetic nitrogen use
efﬁciency in savanna grasses. Plant Ecol 138:63–75
Anten NPR, Hirose T, Onoda Y, Kinugasa T, Kim HY, Okada M,
Kobayashi K (2004) Elevated CO2 and nitrogen availability have
interactive effects on canopy carbon gain in rice. New Phytol
161:459–471
Boonman A, Anten NPR, Dueck TA, Jordi WJRM, van der Werf A,
Voesenek LACJ, Pons TL (2006) Functional signiﬁcance of
shade-induced leaf senescence in dense canopies: an experi-
mental test using transgenic tobacco. Am Nat 168:597–607
Broom M, Speed MP, Ruxton GD (2005) Evolutionary stable
investment in secondary defense. Func Ecol 19:836–843
De Kroon H, Kalliola R (1995) Shoot dynamics of giant grass
Gynerium sagittatum in Peruvian Amazon ﬂoodplains, a clonal
plant that does show self-thinning. Oecologia 101:124–131
DeLucia EH, George K, Hamilton JG (2002) Radiation-use efﬁciency
of a forest exposed to elevated concentrations of atmospheric
carbon dioxide. Tree Physiol 22:1003–1010
Dewar RC, Franklin O, Ma ¨kela ¨ A, McMurtrie RE, Valentine HT
(2009) Optimal function explains forest responses to global
change. Bioscience 59:127–139
Evans JR (1989) Photosynthesis and nitrogen relationships in leaves
of C3 plants. Oecologia 78:9–19
Falster DS, Westoby M (2003) Plant height and evolutionary games.
Trends Ecol Evol 18:337–343
Farquhar GD (1989) Models of integrated photosynthesis of cells and
leaves. Philos Trans R Soc Lond Ser B 323:357–367
Field C (1983) Allocating leaf nitrogen for the maximization of
carbon gain: leaf age as a control on the allocation program.
Oecologia 56:341–347
Franklin O (2007) Optimal nitrogen allocation controls tree responses
to elevated CO2. New Phytol 174:811–822
Franklin O, A ˚gren GI (2002) Leaf senescence and resorption as
mechanisms of maximizing photosynthetic production during
canopy development at N limitation. Func Ecol 16:727–733
Franklin O, McMurtrie RE, Iversen CM, Crous KY, Finzi AC, Tissue
DT, Ellsworth DS, Oren R, Norby RJ (2009) Forest ﬁne-root
production and nitrogen use under elevated CO2: contrasting
responses in evergreen and deciduous trees explained by a
common principle. Global Change Biol 15:132–144
Gan S, Amasino RM (1995) Inhibition of leaf senescence by
autoregulated production of cytokinin. Science 270:1986–1988
Gersani M, Brown JS, O’Brien EE, Maina GM, Abramsky Z (2001)
Tragedy of the commons as a result of root competition. J Ecol
89:660–669
Givnish TJ (1982) On the adaptive signiﬁcance of leaf height in forest
herbs. Am Nat 120:353–381
Givnish TJ (1988) Adaptation to sun and shade: a whole-plant
perspective. Aust J Plant Physiol 15:63–92
Hardin G (1968) The tragedy of the commons. Science 162:1243–
1248
Hikosaka K (2003) A model of dynamics of leaves and nitrogen in a
canopy: an integration of canopy photosynthesis, leaf life-span
and nitrogen-use efﬁciency. Am Nat 162:149–164
Hikosaka K (2005) Leaf canopy as a dynamic system: ecophysiology
and optimality in leaf turnover. Ann Bot 95:521–533
Hikosaka K, Hirose T (1997) Leaf angle as a strategy for light
competition: optimal and evolutionary stable light-extinction
coefﬁcient within a leaf canopy. Ecoscience 4:501–507
Hikosaka K, Nagashima H, Harada Y, Hirose T (2001) A simple
formulation of interaction between individuals competing for
light in a monospeciﬁc stand. Func Ecol 15:642–646
Hikosaka K, Onoda Y, Kinugasa T, Nagashima H, Anten NPR,
Hirose T (2005) Effects of availability and utilisation of nitrogen
on plant responses to elevated CO2 concentrations at different
scales: leaves, whole plants, canopies and populations. Ecol Res
20:243–253
Hirose T (2005) Development of the Monsi–Saeki theory: an
introduction to the study of canopy structure and function. Ann
Bot 95:483–494
302 Oecologia (2011) 167:293–303
123Hirose T, Werger MJA (1987) Maximizing daily canopy photosyn-
thesis with respect to the leaf nitrogen allocation pattern in the
canopy. Oecologia 72:520–526
Hirose T, Ackerly DD, Traw MB, Ramseier D, Bazzaz FA (1997)
CO2 elevation, canopy photosynthesis and optimal leaf area
index in annual plant stands. Ecology 78:2338–2350
Koyama K, Kikuzawa K (2010) Geometrical similarity analysis of
photosynthetic light response curves, light saturation and light-
use efﬁciency. Oecologia 164:53–63
Kull O (2002) Acclimation of photosynthesis in canopies: models and
limitations. Oecologia 133:267–279
Lambers H, Cambridge ML, Pons TL (1998) Physiological ecology.
Springer, New York
Lloyd J et al (2010) Optimisation of photosynthetic carbon gain and
within-canopy gradients of associated foliar traits for Amazon
forest trees. Biogeosciences 7:1833–1859
Lovett-Doust L (1981) Population dynamics and local specialization
in a clonal perennial (Ranunculus repens). J Ecol 69:743–755
Ma ¨kela ¨ A, Valentine HT, Helmisaari H-S (2008) Optimal co-
allocation of carbon and nitrogen in a forest stand at steady
state. New Phytol 180:114–123
McMurtrie RE, Norby RJ, Medlyn BE, Dewar RC, Pepper DA, Reich
PB, Barton CVM (2008) Why is plant growth response to
elevated CO2 ampliﬁed when water is limiting but reduced when
nitrogen is limiting? Func Plant Biol 35:521–534
Mooney HA, Gulmon SL (1979) Environmental and evolutionary
constraints on the photosynthetic characteristics of higher plants.
In: Solbrig OT, Jain S, GB Johnson, Raven PH (eds) Topics in
plant population biology. Columbia University Press, New York,
pp 316–337
Nemani RR, Keeling CD, Hashimoto H, Jolly WM, Piper SC, Tucker
CJ, Myneni RB, Running SW (2003) Climate-driven increases in
global terrestrial net primary production from 1982 to 1999.
Science 300:1560–1563
Niinemets U ¨ (2007) Photosynthesis and resource distribution through
plant canopies. Plant Cell Environ 30:1052–1071
Oikawa S, Hikosaka K, Hirose T (2005) Dynamics of leaf area and
nitrogen in the canopy of an annual herb, Xanthium canadense.
Oecologia 143:517–526
Oikawa S, Hikosaka K, Hirose T (2006) Leaf lifespan and lifetime
carbon balance of individual leaves in a stand of an annual herb,
Xanthium canadense. New Phytol 172:104–116
Parker GAJ, Maynard-Smith J (1990) Optimality theory in evolu-
tionary biology. Nature 348:27–33
Pons TL, Schieving F, Hirose T, Werger MJA (1989) Optimization of
leaf nitrogen allocation for canopy photosynthesis in Lysimachia
vulgaris (L.). In: Lambers H, Cambridge ML, Konings H, Pons
TL (eds) Causes and consequences of variation in growth rate
and productivity of higher plants. SPB Academic, The Hague,
pp 175–186
Posada JM, Lechowicz MJ, Kitajima K (2009) Optimal photosyn-
thetic use of light by tropical tree crowns achieved by adjusting
of individual leaf angles and nitrogen contents. Ann Bot
103:795–805
Pronk TE, Schieving F, Anten NPR, Werger MJA (2007) Plants that
differ in height investment can coexist if they are distributed
non-uniformly within an area. Ecol Complexity 4:182–191
Reich PB, Falster DS, Ellsworth DS, Wright IJ, Westoby M, Oleksyn
J, Lee TD (2009) Controls on declining carbon balance with leaf
age among 10 woody species in Australian woodland: do leaves
have zero daily net carbon balances when they die? New Phytol
183:153–166
Riechert SE, Hammerstein P (1983) Game theory in the ecological
context. Ann Rev Ecol System 14:377–409
Saeki T (1960) Interrelationships between leaf amount, light distri-
bution and total photosynthesis in a plant community. Bot Mag
73:55–63
Sands PJ (1995) Modelling canopy production. I. Optimal distribution
of photosynthetic resources. Aust J Plant Physiol 22:603–614
Schieving F, Poorter H (1999) Carbon gain in a multispecies canopy:
the role of speciﬁc leaf area and photosynthetic nitrogen-use
efﬁciency in the tragedy of the commons. New Phytol
143:201–211
Schmid B, Bazzaz FA (1994) Crown construction, leaf dynamics, and
carbon gain in two perennials with contrasting architecture. Ecol
Monogr 64:177–203
Schmitt J, Dudley SA, Pigliucci M (1999) Manipulative approaches to
testing adaptive plasticity: phytochrome-mediated shade-avoid-
ance responses in plants. Am Nat 154:S43–S54
Sellers PJ, Berry JA, Collatz GJ, Field CB, Mooney HA (1992)
Canopyreﬂectancephotosynthesisandrespiration.III.Areanalysis
using improved leaf models and a new canopy integration scheme.
Remote Sens Environ 42:187–216
Semchenko M, Hutchings MJ, John EA (2007) Challenging the
tragedy of the commons in root competition: confounding effects
of neighbour presence and substrate volume. J Ecol 95:252–260
Stockhoff BA (1994) Maximisation of daily canopy photosynthesis:
effects of herbivory on optimal nitrogen distribution. J Theor
Biol 169:209–220
Subedi KL, Ma BL (2005) Nitrogen uptake and partitioning in stay-
green maize hybrids. Crop Sci 45:740–747
Takenaka A (1994) Effects of leaf blade narrowness and petiole
length on the light capture efﬁciency of a shoot. Ecol Res
9:109–114
van Ittersum MK, Leffelaar PA, van Keulen H et al (2003) On
approaches and applications of the Wageningen crop models.
Eur J Agron 18:204–231
Vermeulen PJ, Anten NPR, Schieving F, Werger MJA, During HJ
(2008) Height convergence in response to neighbor growth in the
stoloniferous plant Potentilla reptans. New Phytol 177:688–697
Oecologia (2011) 167:293–303 303
123